Tubulin dimers associate longitudinally and laterally to form metastable microtubules (MTs). MT 1 disassembly is preceded by subtle structural changes in tubulin fueled by GTP hydrolysis. These 2 changes render the MT lattice unstable, but it is unclear how exactly they affect lattice energetics 3 and strain. We performed long-time atomistic simulations to interrogate the impacts of GTP 4 hydrolysis on tubulin lattice conformation, lateral inter-dimer interactions, and (non-)local lateral 5 coordination of dimer motions. The simulations suggest that most of the hydrolysis energy is 6 stored in the lattice in the form of longitudinal strain. While not significantly affecting lateral bond 7 stability, the stored elastic energy results in more strongly confined and correlated dynamics of 8 GDP-tubulins, thereby entropically destabilizing the MT lattice. 9 12 filamentous assemblies of αβ-tubulin dimers stacked head-to-tail in polar protofilaments (PFs) 13 and folded into hollow tubes via lateral interactions [1, 2] (Fig. 1a ). Each dimer binds two GTP 14 molecules of which only the one bound to β-tubulin is hydrolyzed in the MT lattice over time [3, 4] . 15 This hydrolysis reaction is fundamental to MT dynamic instability [5] , i.e. random switching 16 between phases of growth and shrinkage ( Fig. 1a ). Remarkably, both slow assembly and rapid 17 disassembly of MTs -the latter termed catastrophe -are able to perform mechanical work because 18 each tubulin dimer is a storage of chemical energy [6] [7] [8] . 19 The switch from a relaxed 'curved' conformation of tubulin favored in solution to a higher-energy 20 'straight' one is inherent to MT assembly [9] [10] [11] [12] [13] [14] [15] . It allows growing MTs to recruit and temporarily 21 stabilize GTP-tubulin in the straight form, most likely due to the greater bending flexibility of PFs at intra-and inter-dimer interfaces [13, [16] [17] [18] . It is therefore conceivable that collapsing MTs 23 would follow a reverse pathway during disassembly; namely, they would release the conformational 24 tension stored in GDP-tubulins that lateral bonds can no longer counteract. However, due to 25 the system complexity and together with the inability of modern structural methods to directly 26 visualize all sequential steps in the GTPase cycle in the straight MT body at high resolutions, it is 27 still unknown exactly how and where the hydrolysis energy is converted to mechanical strain in the 28 lattice.
Microtubules (MTs) are one of the major components of the eukaryotic cytoskeleton and essential 11 for intracellular transport, cell motility, and chromosome separation during mitosis. These are The PFs are aligned with respect to monomer β i (marked with a circle). Other more subtle changes (e.g., PF twisting) or intermediate nucleotide states (e.g., GDP-Pi) are not shown for simplicity.
Supplementary Material). Remarkably, this energy is very close to both the energy harvested by 136 MTs upon GTP hydrolysis [19, 32] and the maximal excess energy that can be stored in a MT previously speculated that such a structural conflict would either weaken the lateral interactions 150 between incompatible dimers or increase the rate of GTPase activity [36, 37] . In the latter case, the 151 hydrolysis-triggered compaction of an expanded dimer located next to a compacted dimer would be 152 more favorable. However, testing these hypotheses experimentally is currently challenging.
153
To get insight into how the presence and conformation of a lateral neighbor affects the compaction 154 dynamics of tubulin in PFs, we constructed atomistic models of double-PF systems in both nucleotide 155 states ( Fig. 3a ; see Methods for model refinement and simulation protocol). We then computed free nm and, within statistical error, consistent with the difference of 0.25 ± 0.07 nm calculated for the 163 isolated PFs (Fig. 2b ).
164
As described above, we expect each PF in the double-PF system to behave differently depending . Relative thermodynamic stability of the lateral bond in the double-PF system. a, Thermodynamic cycle demonstrating the idea behind estimating the effect of unequal PF conformations on the association free energy between the PFs. While simulating the horizontal transitions (PF association) is computationally more expensive, the free energy changes linked to the vertical transitions (PF compaction) have already been obtained ( Fig. 2 and Fig. 3 ). b and c, Distributions of the relative stability of the double-PF systems with respect to their equilibrium conformations marked with orange and cyan circles for GTP-and GDP-state, respectively, as a function of PF conformations and nucleotide state. White circles denote conformations with a PF compaction mismatch. Free energy color coding is adjusted such that red (blue) areas correspond to conformations of the double-PF system in which the lateral bond is destabilized (stabilized) relative to equilibrium. White areas correspond to no change in the lateral bond stability. Fig. 4a , following a previous scheme [38] . We assume 191 that the equilibrium conformation of the double-PF system can be changed into the one with 192 a conformational mismatch between the PFs (vertical transitions in Fig. 4a ). The free energy 193 cost associated with this transformations (∆G eq→mis ) was calculated using our previous umbrella 194 sampling results for both single-and double-PF system ( Fig. 2b and Fig. 3b Fig. 4a ).
Nearest-neighbor interactions between PFs modulate GTPase response
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Hence, a positive ∆∆G assoc equally implies that (a) the PF association is less favorable when the Figure 5 . Lateral coupling induces long-range correlations between distant PFs. a and b, Side and top views of the simulation setup for the three-PF system mimicking a larger segment of the MT lattice. Color coding as in Fig. 2a and Fig. 3a . Water molecules are hidden for clarity. Individual PFs are labeled as (1), (2) and (3). c and d, Free energy energy landscapes of the system in a as a function of PF conformations and nucleotide state. The 3D landscapes were pairwise projected onto planes corresponding to 2D free energy landscapes of adjacent (α (1) β (1) − α (2) β (2) and α (2) To clarify this issue, we have aimed at a quantitative understanding of the interplay between tubulin intrinsic strain and lateral binding inside straight MT-like compartments. Our results
where H(χ i ) = − p i (χ i )logp(χ i )dχ i is the entropy and p i (χ i ) is the probability density of χ i 374 (i = 1, 2). The joint entropy H(χ 1 , χ 2 ) is defined similarly and requires knowledge of the joint 375 probability density p 12 (χ 1 , χ 2 ).
376
In practice, calculation of the MI is very sensitive to how the underlying probability densities 377 are discretized. Too coarse-grained discretization leads to an underestimation and too detailed 378 discretization leads to an overestimation of the MI. We therefore used the Jack Knifed estimate 379 that is known to be a low bias estimate of the MI and robust to discretization bin size [63] . It is 380 defined by substituting the entropy in Eq. 1 with the following estimateĤ JK (χ i ) = NĤ(χ i ) − 381 N −1 N N j=1Ĥ −j (χ i ), whereĤ(χ i ) is the entropy calculated by a straightforward discretization and 382Ĥ −j (χ i ) is the same asĤ(χ i ) but when leaving out bin value j, and N is the total number of bins.
383
The normalized mutual information is then defined as:
384
NMI 12 =Î JK (χ 1 , χ 2 ) Ĥ JK (χ 1 )Ĥ JK (χ 2 )
.
(2)
Estimating MT bending stiffness from previous experimental data 385 The experimental values for MT bending stiffnesses and the respective uncertainties shown in Fig. 2d 386 were calculated using inverse-variance weighting [64] . Given a set of independent measurements 387 y i with variances σ 2 i , the consensus inverse-variance mean and standard deviation are given by 388ŷ = i w i y i / i w i andσ = 1/ i w i , where the weights w i = 1/σ 2 i . For GDP-MTs and
